
International Journal of Biological Macromolecules 233 (2023) 123530

Available online 3 February 2023
0141-8130/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Design and assembly of biodegradable capsules based on alginate hydrogel 
composite for the encapsulation of blue dye 
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A B S T R A C T   

The encapsulation of bluing agents in biodegradable polymeric capsules is an emerging option in laundry de
tergents sector to substitute formaldehyde-based polymers, because they are non-biodegradable, carcinogenic 
and toxic. In this work, we present for the first time the successful encapsulation of a blue dye in biodegradable 
capsules which shell was formed by an alginate hydrogel and a polyethylene glycol network. Different types of 
capsules were synthesized (addition or not of the diacrylate monomer) and irradiation of the crosslinking so
lution at different times. Furthermore, a deep characterization of each type of capsules was performed (chemical 
and morphological characterization, assessment of their mechanical and thermal properties, evaluation of their 
biodegradability), noting that the incorporation of the diacrylate monomer (PEGDMA) and the two different 
irradiation times selected substantially affected the final properties of the capsules. The obtained results will 
serve to comprehend how the dye can be released from the capsules.   

1. Introduction 

Encapsulation, which consists in the entrapment of a material into 
the core of an empty particle, called capsule, has been utilized in many 
sectors (food, pharmaceutical, paper and textile industry, cosmetics, 
agrochemicals, personal care, household care, etc.) mainly to prevent 
the degradation of the active compounds from the media and favor the 
controlled release of the encapsulated compound [1–3]. For instance, 
the encapsulation of food additives masks some undesired flavors [4] 
while drugs are encapsulated to control their release and target tumor 
sites [5]. As far as the agricultural sector is concerned, the use of 
encapsulation can help to reduce the quantity of pesticides that should 
be applied, thus reducing their environmental impact [6]. 

Another sector in which the developed encapsulation technologies 
are currently being used more and more is the laundry detergents, which 
are essential commodities that are used all over the world. As evidence 
of this fact, the global market for laundry detergents was $152.4 billion 
in 2020 and is expected to grow at an annual rate of around 5.0 % from 
2021 to 2028 to overpass $223.8 billion in 2028 [7]. Currently, the 

encapsulation of fragrances in laundry detergent industry preserves 
perfumes from the detergent media and permit their controlled release 
during or even after the washing process. 

Moreover, the encapsulation of bleaching agents (inorganic com
pounds such as hypochlorites, chlorines, peroxides, etc. or organic 
compounds that absorb light in the UV region like the bluing agent or 
fluorescent whitening agents (FWA)) is an emerging alternative that can 
be explored to restore the whiteness of clothes and to diminish the 
yellowing of the white-colored clothes, fibers or other textile materials 
and their damage over time [8,9]. 

Generally, the shell of these type of capsules is made of a polymeric 
material [10,11]. Nonetheless, formaldehyde-based shells (urea-form
aldehyde and melamine-formaldehyde) are the only ones that can 
endure the detergent’s aggressive media [12–14], despite the many 
drawbacks of formaldehyde derived materials, since formaldehyde is a 
carcinogenic, toxic and non-biodegradable material [15–17]. Addi
tionally, the fragmentation of these non-biodegradable plastic capsules 
when they are released into the environment after their usage, leads to 
the formation of microplastics, which are responsible for the pollution of 
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rivers, lakes, and oceans [18,19]. Furthermore, some studies suggest 
that the accumulation of microplastics, once ingested by animals, can be 
associated to some diseases [20]. 

Therefore, one attractive option that can be explored to improve the 
stability of the capsules shell based on more sustainable materials, 
consists of the preparation of multicomponent shell capsules with 
biodegradable materials. 

Recently, one biocompatible compound that has been highly 
employed in the encapsulation technologies is alginate. Alginates are 
natural polysaccharides which consist of a linear chain of (1–4) linked 
residues of α-L-guluronate (G) and β-D-mannuronate (M) in different 
proportions and sequential arrangements (Fig. 1a) [21]. Alginates are 
found in brown algae and are extensively used in microencapsulation 
due to their high versatility and biocompatibility offered when they gel 
in presence of divalent ions such as Ca2+ to give rise to a cross-linked 

complex (Fig. 1b) [22,23]. On the other hand, poly(ethylene glycol) 
(PEG) monomers can be chemically modified using simple methods to 
facilitate their crosslinking, such as acrylic functionalization, and thus 
employed in the formation of biocompatible capsules through free 
radical polymerization (Fig. 1c and d) [24,25]. 

In this sense, the novelty of this study has been to report for the first 
time the encapsulation of a dye used in laundry detergent industry in 
potentially biodegradable macrocapsules formed by a multilayer shell: 
the first shell is constituted by alginate, which in turn is coated by a 
second shell based on poly(ethylene glycol) dimethacrylate (PEGDMA), 
with the aim to hold the dye stable in the detergent media and let its 
release after the mechanical breakage of the capsules in the washing 
machine (Fig. 1e). As a matter of fact, we explored this approach in the 
macro-scale because this allowed an easier characterization of these 
complex systems, which is the purpose of this investigation. 

Fig. 1. Chemical structure of: a) sodium alginate; b) Crosslinking of alginate chains by calcium ions; c) Poly(ethyleneglycol) 400 dimethacrylate (PEGDMA); d) 
Crosslinked PEGDMA; and e) general scheme of the synthesized capsules with the encapsulated blue dye. 
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To accomplish this objective, we take advantage of a simple extru
sion process to control the polymerization of both monomers: the 
gelation of sodium alginate and the UV polymerization of PEGDMA 
monomer. Various aspects of this method were studied to obtain a 
greater control of the process and manage to synthesize optimal capsules 
for the desired application: the type of acrylate monomer and the dye 
used, the encapsulation of different concentrations of the dye, the time 
at which the samples were irradiated, etc. 

The obtained macrocapsules were thoroughly characterized con
cerning their chemical, morphological, mechanical and thermal prop
erties as well as their biodegradability in water. This complete 
characterization study also aims at understanding the possible rupture 
mechanisms of the capsules and thus realize how the encapsulated dye is 
released. 

2. Materials and methods 

2.1. Materials 

Sodium alginate (Viscosity (1 % in water; 20 ◦C): 350–550 mPa⋅s; 
MW: 10,000–600,000 g/mol) was purchased from Panreac ITW Re
agents (Panreac Química SLU, Castellar del Vallès, Spain). Calcium 
chloride (≥97 %) was purchased from Honeywell International Inc. 
(Charlotte, NC, USA). Auramine O Dye (Dye content >80 %) and 
Reactive orange 16 (Dye content >70 %) were purchased from Sigma- 
Aldrich (Sigma Aldrich, Burlington, MA, USA), while Active Violet Ion 
(AVI) was provided by Procter & Gamble (Cincinnati, OH, USA). Poly 
(ethylene glycol) diacrylate (PEGDA, average Mn ≈ 250 g/mol), Irga
cure 1173 (2-hydroxy-2-methylpropiphenone (97 %)) and Alkaline 
buffer solution (1.5 M, pH = 10.3, (25 ◦C)) were purchased from Sigma 
Aldrich (Sigma Aldrich, Burlington, MA, USA). Poly(ethyleneglycol) 

400 dimethacrylate (PEGDMA, average Mn ≈ 600 g/mol) was purchased 
from SARTOMER (Exton, PA, USA). Sodium hydroxide (ACS reagent, 
≥98.5 %, pellets, for synthesis) was purchased from Scharlau (Scharlab 
S. L., Sentmenat, Barcelona, Spain), while hydrochloric acid (37 %) was 
purchased from Fisher Scientific (Madrid, Spain). All the chemical 
compounds were used as provided without any further purification. 

2.2. Preparation of the macrocapsules 

For the synthesis of the capsules, different steps were performed:  

– First, a solution of 100 mL of water that contained 1 % w/w sodium 
alginate (and the corresponding dye, the acrylate monomer and a 
radical initiator according to the different formulations presented in 
Table 1) was prepared. Once the solution was completely homoge
neous, it was then extruded through a syringe-needle system drop
wise into a crosslinking solution (250 mL of water containing 2 % w/ 
w calcium chloride). To favor the extrusion, a pump that works at a 
flowrate of 1 mL/min was used, while the distance between the 
needle and the crosslinking solution was fixed at 5.5 cm.  

– If an acrylate derived monomer was added to build up the shell of the 
capsules (PEGDA or PEGDMA), the polymerization of these samples 
was carried out using an UV curing lamp from Helios Italquartz. 
Precisely, the exposure was done for 5 min using 50 % power at 7.5 
A. Regarding the irradiation procedure, some samples were irradi
ated directly after being extruded into the crosslinking solution and 
then they were left under stirring for 24 h, while the other samples 
were irradiated after being stirred for 24 h. In all the cases, the 
irradiation time was 5 min.  

– At this point, the capsules were filtered, dried in an oven at 40 ◦C for 
24 h before examining their properties. 

Table 1 
Composition of the prepared capsules.  

Sample Sodium alginate (% 
w/w respect to the 
polymeric solution) 

PEGDA (% w/w 
respect to the 
polymeric solution) 

PEGDMA (% w/w 
respect to the 
polymeric solution) 

Photoinitiator (Irgacure 
1173) (% w/w respect to 
acrylate monomer) 

Dye Dye Amount (% w/w 
respect to the 
polymeric solution) 

Time before UV 
irradiation (h)a 

A 1 – – – – – – 
A-RO1 1 – – – Reactive 

Orange 16 
1 – 

A-RO0.1 1 – – – Reactive 
Orange 16 

0.1 – 

A-RO0.2 1 – – – Reactive 
Orange 16 

0.2 – 

A-RO0.3 1 – – – Reactive 
Orange 16 

0.3 – 

A-AO0.03 1 – – – Auramine O 0.03 – 
A-AVI0.1 1 – – – AVI 0.1 – 
A-AVI0.3 1 – – – AVI 0.3 – 
A-AVI0.5 1 – – – AVI 0.5 – 
A-AVI0.8 1 – – – AVI 0.8 – 
A-AVI0.8 

-UV0h 
1 – – – AVI 0.8 0 

A-P- 
AVI0.8- 
UV0h 

1 1 – 5 AVI 0.8 0 

A-P- 
AVI0.8- 
UV24h 

1 1 – 5 AVI 0.8 24 

A-PM- 
UV0h 

1 – 1 5 – – 0 

A-PM- 
UV24h 

1 – 1 5 – – 24 

A-PM- 
AVI0.8- 
UV0h 

1 – 1 5 AVI 0.8 0 

A-PM- 
AVI0.8- 
UV24h 

1 – 1 5 AVI 0.8 24  

a At time = 0, the samples were irradiated just after the extrusion of the polymeric solution into the crosslinking solution, while at time = 24 h, the samples were 
irradiated after being stirred for 24 h together with the crosslinking solution. 
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The overall process followed is depicted in Fig. 2 and the chemical 
composition of all the samples is summarized in Table 1. 

2.3. Characterization techniques 

2.3.1. Fourier-transform infrared spectroscopy (FTIR) 
The FTIR spectra of selected samples were recorded on a Vertex 70 

FTIR spectrophotometer from Bruker (Bruker Corporation, Billerica, 
MA, USA) in the wavelength range of 4000–300 cm− 1 with an average of 
16 scans and a resolution of 4 cm− 1 in the absorbance mode. All the FTIR 
spectra were recorded at room temperature. 

2.3.2. Differential scanning photo-calorimetry (photo-DSC) 
A photocuring process of the initial solutions of sample A and sample 

A-P-AVI0.8-UV0h was studied by photo-DSC. Isothermal photo-DSC 
experiments were run under nitrogen flow (100 mL/min) with a Met
tler Toledo (Greifensee, Switzerland) DSC-822e instrument. A Hama
matsu Lightningcure LC5 (Hg–Xe lamp) (Hamamatsu Photonics K. K., 
325-6, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka, 430- 
8587, Japan) with one beam conveniently adapted to the DSC was 
used to irradiate the investigated samples. The irradiation intensity was 
17 mW/cm2 (measured at 365 nm). The temperature was 25 ◦C during a 
total time of 8 min. The samples were analyzed with standard aluminum 
crucibles using a mass of approximately 5 mg. The equipment was 
previously calibrated with indium (156.6 ◦C) and zinc (419.6 ◦C) pearls. 

2.3.3. Elemental organic analysis 
Elemental analysis was used to determine Carbon, Hydrogen and 

Nitrogen content of the following 3 samples: A; A-PM-UV0h and A-PM- 
UV24h (i.e., without any core material), by means of Perkin Elmer 
EA2400 Elemental Analyzer (Perkin Elmer, Waltham, MA, USA). Tests 
were performed in duplicate and the amount of analyzed capsules was 
approximately 3 mg. 

2.3.4. Inductively coupled plasma optical emission spectrometry (ICP-OES) 
Calcium and sodium contents in samples A; A-PM-UV0h and A-PM- 

UV24h were determined using an ICP-OES Agilent 5100 analyzer 
(Agilent Technology, Santa Clara, CA, USA). The samples were analyzed 
in duplicate, after digestion overnight in HNO3 or HCl. Around 2–3 mg 
of each sample were used for each analysis. Calcium and sodium con
centrations were determined from the absorption intensities (Ca: 422.7 
nm; Na: 589.6 nm) by interpolation of the calibration curves of intensity 
vs. concentration (ppm). 

2.3.5. Optical microscopy (OM) 
The prepared macrocapsules were observed with a Digital Micro

scope Leica DMS1000 (Wetzlar, Germany). The ImageJ (version 1.52, 
publicly available from the National Institutes of Health, Bethesda, MD, 
USA; http://imagej.nih.gov/ij/) software was used to measure the 
diameter of the capsules of each analyzed sample. (The diameter of 
between 15 and 20 capsules of each sample was measured before 
calculating the average value and its corresponding sampling error as 
shown in Table 2). 

2.3.6. Environmental scanning electron microscopy (ESEM) 
ESEM analysis were performed using a FEI Quanta 200 FEG (Hills

boro, OR, USA) in high vacuum mode, using a secondary electron de
tector and an accelerating voltage of 20 kV. Both the outer surface and 
the cross-section of the capsules were analyzed. Before the analysis, 
samples were coated on a tape surface with gold by means of a quorum 
Q150TS Plus sputter coater. To observe the cross-section, Leica CM 1950 
Cryostat (Wetzlar, Germany) was used. The sample was mixed with an 
embedding medium (OCT Compound) and frozen at − 25 ◦C on an 
aluminum support inside the machine. Once frozen, the sample was cut 
into slices of thickness 20 μm which were deposited on a microscopic 
slide. 

2.3.7. Field emission scanning electron microscopy (FESEM) 
Selected capsules were analyzed using a FESEM-FIB Scios 2 from FEI 

Company (Hillsboro, OR, USA) in high vacuum mode. In the same way 
as in the ESEM analysis, Leica CM 1950 Cryostat (Wetzlar, Germany) 
was used to observe the cross-section. The sample was mixed with an 
embedding medium (OCT Compound) and frozen at − 25 ◦C on an 
aluminum support inside the machine. Once frozen, the sample is cut 
into slices of thickness 20 μm which were deposited on a microscopic 
slide. Prior to analysis, the slides were coated with carbon to avoid 
sample deterioration due to the high vacuum applied. The Energy 
Dispersive X-ray Spectroscopy (EDX) was used for analyzing the 
elemental composition of the capsules. 

2.3.8. Dynamic mechanical analysis (DMA) 
Dynamic mechanical analysis was carried out using a DMA Q800 

V21.3 Build 96 from TA instruments (New Castle, DE, USA) working on 
a controlled compression force on the capsule samples. Capsules from 
samples A-AVI0.8; A-PM-AVI0.8-UV0h and A-PM-AVI0.8-UV24h were 
examined. The number of tested capsules ranged between 7 and 9. 

The temperature, the position of the probe, the force applied, the 
stress, the strain, the stiffness, the creep compliance and the relaxation 
modulus of each type of capsules were recorded with respect to the time 
until the rupture occurs. Besides, the maximum force obtained for each 
type of capsule was also recorded. On the other hand, the stiffness value 
was obtained for each capsule by taking the slope of the linear part of the 
force variation as a function of length. 

2.3.9. Thermogravimetric analysis (TGA) 
Thermal stability studies of the capsules were carried out in ALU 

OXIDE crucibles of 70 μL (ME-24123) with a Mettler Toledo TGA2 
thermobalance (Mettler Toledo, Columbus, OH, USA). Samples A; A- 
AVI0.8; A-PM-UV0h; A-PM-AVI0.8-UV0h; A-PM-UV24h and A-PM- 
AVI0.8-UV24h, weighing around 6–8 mg, were heated between 30 and 
600 ◦C at a heating rate of 10 ◦C/min in N2 atmosphere with a flow rate 
of 50 cm3/min. The equipment was previously calibrated with indium 
(156.6 ◦C) and aluminum (660.3 ◦C) pearls. 

2.3.10. Total organic carbon (TOC) 
TOC is the amount of carbon found in an organic compound, which 

comes from oxidizing all organic matter present in water. It is commonly 
used to indicate the level of pollution in wastewater caused by organic 
compounds. 

Basically, the TOC measurement is performed by converting all the 
kind of carbon from the sample into CO2. There are direct and also in
direct methods to carry out these measurements. The direct method was 
selected in our case. 

In this method, the organic carbon (OC) was measured using the 
following steps:  

(i) First of all, the inorganic carbon (IC) was removed through an 
acid treatment. Moreover, sample aeration prior to analysis 
eliminated errors due to the presence of inorganic carbon.  

(ii) In the second step, the OC content (or non-purgeable organic 
carbon (NPOC) was determined by a chemical oxidation. The 
organic carbon of the sample was converted into CO2 in a high 
temperature furnace. Finally, the CO2 produced during the 
oxidation was measured by means of an FTIR detector. 

In this way, TOC was quantitatively determined by interpolating the 
obtained values for each sample in the calibration curve prepared using 
potassium hydrogen phthalate (Sigma Aldrich, Burlington, MA, USA) as 
standard. 

In this way, TOC analyses of the soluble fractions of samples A; A- 
PM-UV0h and A-PM-UV24h were carried out. To perform these ana
lyses, first the water-soluble fraction of the capsules was obtained by this 
procedure: 500 mg of the capsules were crushed through a coffee 
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Fig. 2. Composition of the capsules and methodology followed in the dye encapsulation process of: a) capsules which shell is only made of alginate; b) Capsules 
which shell contains both alginate and PEGDMA and were irradiated with UV light before leaving them for 24 h under magnetic stirring; c) Capsules which shell 
contains both alginate and PEGDMA and were irradiated with UV light after leaving them for 24 h under magnetic stirring. 
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grinding machine (MKM6003, BOSCH, Gerlingen, Germany) for 30 s. 
Then, the crushed samples were added to 50 mL of milliQ water and left 
under stirring for 24 h. At this time, the solution was filtered, and the 
remaining capsules were dried and weighed. The filtered solutions were 
analyzed using a Total Organic Carbon analyzer TOC-L CSN 638-91109- 
48 equipment (Shimadzu Corporation, Kyoto, Japan). TOC analysis was 
repeated 3 times for each sample. 

Moreover, the stability of the capsules at different pH was studied 
following the procedure described below: 

First of all, 200 mg of empty capsules (samples A; A-PM-UV0h; and 
A-PM-UV24h) were crushed using a coffee grinding machine 
(MKM6003, BOSCH, Gerlingen, Germany) for 30 s. Then they were 
added to 20 mL of the Alkaline buffer solution. The obtained mixtures 
were left under stirring for 7 days at room temperature after which the 
remaining capsules were filtered, dried, and weighed to calculate the 
soluble part. 

In another experiment, capsules A-PM-UV0h and A-PM-AVI0.8- 
UV0h were selected to evaluate their stability in acid (0.1 M HCl solu
tion, pH = 1.0) and basic pH (0.1 M NaOH solution, pH = 13.0). The 
stability of both samples was evaluated following the same procedure 
described above with the Alkaline buffer solution. 

3. Results and discussion 

3.1. Preparation of the macrocapsules 

As previously outlined, distinct factors of the polymerization should 
be controlled to favor the formation of multicomponent shell capsules. 
The first one involves the selection of a dye that has to be soluble in 
water in the desired concentration. In this study, 3 different dyes were 
tested: Reactive Orange 16, Auramine O and Active Violet Ion (AVI). 
From all of them, Reactive Orange 16 showed the highest solubility in 
water (>1 %). However, the release of this dye from the capsules is 
directly detected when the capsules are still forming in the calcium 
chloride solution. Even if a smaller amount of dye was used (samples A- 
RO0.1; A-RO0.3; A-RO0.5, Table 1), the same phenomenon was 
observed, which does not allow an appropriate encapsulation of the dye 
into the alginate-based shell because this system is not able to keep the 
dye within its structure during that time. In the case of Auramine O dye, 
its low solubility in water limits the quantity of encapsulated dye to a 
maximum value of 0.03 %. Even so, the liberation of Auramine O dye 
from alginate systems occurs as was also observed before for Reactive 
Orange 16 dye. On the other hand, AVI showed a solubility in water up 
to 0.8 %. In contrast with the two previously tested dyes, AVI was stable 
inside the alginate capsules at least for 24 h at different concentrations 
ranging from 0.1 to 0.8 % when it was tested. Therefore, the highest 
concentration at which AVI was stable was established as the optimal 
concentration of encapsulated dye (0.8 %) and was used for the prepa
ration of the upcoming capsules. 

The second analyzed point comprises the choice of the most appro
priate acrylate derived from poly(ethylene glycol) that was used in the 
construction of the additional shell of the polymeric capsules. In this 

work, two acrylate monomers were tested: poly(ethylene glycol) dia
crylate (PEGDA) and poly(ethylene glycol) dimethacrylate (PEGDMA), 
which can easily polymerize when the aqueous solution was irradiated 
with UV light. 

However, when forming the capsules following the process described 
in Fig. 2, it was observed that the polymerization of the diacrylate 
monomer took place in a different phase from that in which the alginate 
is found depending on whether PEGDA or PEGDMA was used. Thus, 
alginate composite capsules were obtained in the latter case due to the 
good solubility in water of both alginate and PEGDMA. On the contrary, 
the formation of a second phase in the crosslinking solution occurred 
when the capsules were prepared with PEGDA because this monomer is 
not soluble in water and thus polymerized alone outside the water 
phase. Even so, capsule-shaped structures were obtained as observed by 
optical microscopy although PEGDA was not incorporated in them 
(Table S1). In fact, the observation of a white solid in addition to the 
water solution containing the alginate derived capsules confirmed the 
crosslinking of PEGDA in a separated phase [26]. 

Therefore, PEGDMA was selected as the acrylate monomer derived 
from poly(ethylene glycol) because its better solubility in water permits 
the formation of multicomponent shell capsules in a controlled manner. 

3.2. Characterization of the macrocapsules 

Once the composition of the solutions that enable the formation of 
macrocapsules with two components in their shell was well established, 
the synthesized capsules were characterized using different techniques 
to determine their properties. 

3.2.1. Chemical characterization 
The chemical characterization of the prepared systems was per

formed by FTIR, elemental organic analysis and ICP-OES. 
First of all, FTIR analysis allowed us to monitor the chemical re

actions that took place during the formation of the capsules:  

1) The crosslinking of alginate by calcium ions.  
2) The radical polymerization of PEGDMA. 

The FTIR spectra of PEGDMA, sodium alginate and samples A; A-PM- 
UV0h and A-PM-UV24h are shown in Fig. 3. To understand what hap
pens during the crosslinking of alginate induced by calcium ions, the 
FTIR spectra of sodium alginate and sample A must be compared. As 
observed in Fig. 3, different characteristic bands were observed in the 
FTIR of sodium alginate: a broad band centered at about 3260 cm− 1, 
which is attributed to the ν(O–H) stretching, two bands at 1600 and 
1407 cm− 1, which correspond to the ν(COO− ) symmetric and asym
metric stretching, respectively and a band at 1029 cm− 1 attributed to the 
ν(C-O-C) stretching [27]. When the capsules were formed, the vast 
majority of sodium cations were replaced by calcium cations. Both ions 
present different ionic radius, charge density and atomic weight, which 
are related with the shift of the band associated to the asymmetric 
stretching of the carboxylate group and the decrease of the intensity of 
the band attributed to the ν(C-O-C) stretching [28,29]. Furthermore, the 
band related to the hydroxyl stretching becomes narrower and of higher 
intensity, indicating an increase in intramolecular bonding when algi
nate is crosslinked with Ca2+ [30]. 

Regarding the polymerization of PEGDMA, its FTIR spectra was 
compared with the spectra of the capsules formed after UV irradiation 
(samples A-PM-UV0h and A-PM-UV24h). In this case, a decrease of the 
bands at 819 cm− 1 (δ(C=C) twisting) and 954 cm− 1 (δ(C=C) bending), 
which are characteristic of the methacrylate functional group, 
confirmed that the polymerization of PEGDMA occurred [31–34]. 
Nevertheless, the observation of a small band at 819 cm− 1 at the end of 
the curing process indicates that not all the methacrylate units of 
PEGDMA have been polymerized: actually, the reactivity of PEGDMA 
decreases during its polymerization since the resulting radicals become 

Table 2 
Elemental composition determined by elemental organic analysis and ICP-OES 
(%).  

Sample Weight (%) 

C H N Ca Na 

A 15.7 ±
0.2 

4.72 ±
0.09 

0.18 ±
0.01 

12.3 ±
0.3 

0.56 ±
0.01 

A-PM-UV0h 18.6 ±
0.3 

4.92 ±
0.01 

0.23 ±
0.01 

11.80a 0.52a 

A-PM- 
UV24h 

18.4 ±
0.3 

4.77 ±
0.01 

0.25 ±
0.02 

12.0 ±
0.3 

0.58 ±
0.02  

a Only one sample could be analyzed by ICP-OES. 
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increasingly hindered [35]. Moreover, a band that is attributed to the 
ν(C=O) stretching of diacrylate groups is observed in the resulting 
interpenetrating networks of samples A-PM-UV0h (ν(C=O) = 1732 
cm− 1) and A-PM-UV24h (ν(C=O) = 1724 cm− 1), demonstrating that 
PEGDMA has polymerized and been incorporated into the final network 
(Fig. 3) [36]. Additionally, the exothermal peak observed when an 
isothermal photo-DSC was carried out at room temperature of the initial 
mixture of sample A-P-AVI0.8-UV0h (without the AVI dye) before being 
photocured confirms that the diacrylic monomer has been polymerized 
(Fig. S1). 

On the other hand, no significant differences were found in the FTIR 
spectra of the capsules that only differed by the presence or not of the 
encapsulated dye as observed in Fig. S2. According to Alshamrani and 
co-workers, it confirms the effective encapsulation of the dye inside the 
core of the macrocapsules [37]. 

The determination of the elemental composition in the case of the 
samples without the encapsulated dye (samples A; A-PM-UV0h and A- 
PM-UV24h) confirmed that sodium cations present in the used sodium 

alginate were mainly replaced by calcium cations during the cross
linking process (Table 2). As expected, the addition of PEGDMA in
creases the carbon content of the capsules. Furthermore, it was expected 
that the capsules whose shell was constituted only by alginate would 
present a greater amount of calcium cation because it is assumed that the 
incorporation of the diacrylate monomer could reduce the crosslinking 
capacity of Ca2+ with alginate. Nevertheless, no significant differences 
in Ca2+ content were detected between the 3 analyzed samples as shown 
in Table 2. 

3.2.2. Morphological characterization 
By optical microscopy, the first noticeable thing is that the capsules 

of all the samples (whether they content the dye or not) exhibited a 
spherical and regular shape as observed in Fig. 4a. Moreover, the 
average diameter of all the samples prepared are between 0.6 and 0.8 
mm (Table S1). Another remarkable aspect is that the encapsulation of 
the dye in this system does not cause the obtained capsules to be larger 
than the ones that do not contain the dye. Besides, the diameter of the 

Fig. 3. FTIR spectra of: a) PEGDMA; b) Sodium alginate; c) A; d) A-PM-UV0h; e) A-PM-UV24h.  
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capsules does not undergo considerable changes when the amount of 
encapsulated AVI was increased [38,39]. As regards capsules which 
shell also contains PEGDMA, its addition did not significantly affect their 
diameter, although capsules with a larger diameter would be expected 
[40]. In our case, the average diameter of all the capsules is mainly 
determined by the diameter of the syringe needle as stated by McCle
ments [41]. 

The morphology of the resulting capsules was analyzed by ESEM 
(Fig. 4b and Fig. S3). From the figures, it can be noted that the capsules 
prepared only with sodium alginate without any encapsulated dye have 
the smoother surface (sample A in Fig. S3). The combination of both 
sodium alginate and PEGDMA confers a certain irregularity to the sur
face of the capsules compared to sample A. Furthermore, it is expected 
that the presence of the encapsulated AVI affects the morphology of the 
resulting capsules, causing its surface to be rougher. In fact, this was 
proved by the roughest surface of the capsules containing the encapsu
lated dye (samples A-AVI0.8; A-PM-AVI0.8-UV0h and A-PM-AVI0.8- 
UV24h), compared to that of the empty capsules (samples A; A-PM- 
UV0h and A-PM-UV24h). 

This change in the morphology upon the incorporation of the dye in 
the capsules is probably due to the interaction between the dye and the 
alginate chains disturbing their crosslinking and leading to a less orga
nized network [42,43]. 

In point of fact, the observed striae on the surface of the capsules 
from sample A-AVI0.8 are produced by the encapsulated AVI [44,45]. 
Moreover, it was shown that the preparation of the same capsules but 
irradiating them for 5 min with UV light makes their surface less rough 
(sample A-AVI0.8-UV0h in Fig. S3). Furthermore, the comparison of the 
surface of the capsules made up with both PEGDMA and sodium alginate 
with the entrapped dye (samples A-PM-AVI0.8-UV0h and A-PM-AVI0.8- 
UV24h) with the capsules of sample A-AVI0.8 proved that the UV light 
exposure leads to a smoother and more homogeneous surface. 

Regarding sample A-PM-UV24h, a considerable number of pores was 
detected in the capsules cross-section. During the formation of these 
capsules, it is expected that the crosslinking of the alginate chains occurs 
before PEGDMA, since the polymerization of the diacrylate monomer 
was not favored until 24 h after its addition into the crosslinking solu
tion. Therefore, alginate initially crosslinks and would establish the 
positions where PEGDMA crosslinking is going to take place, giving rise 
to a highly porous structure. In fact, this is confirmed by the presence of 
some pores in the capsules’ cross-section of sample A-PM-AVI0.8- 
UV24h, although their number is much smaller since most of them 
would have been occupied by AVI. 

Another parameter that affects the shape of the macrocapsules is the 
selected irradiation time of the water solution. As mentioned before, two 
different irradiation times were selected in this work:  

1) Time 0 h, which means that the samples were irradiated directly after 
being extruded into the crosslinking solution of calcium chloride 
during 5 min (samples A-PM-UV0h and A-PM-AVI0.8-UV0h).  

2) Time 24 h: the samples were irradiated during 5 min after being 
stirred for 24 h (samples A-PM-UV24h and A-PM-AVI0.8-UV24h). 

From ESEM pictures of the cross-section, it can be evidenced that the 
latest irradiation of the crosslinking solution induces the formation of a 
more uniform and homogeneous network because Ca2+ and the dye can 
be better distributed in the capsule in addition to allow calcium cations 
to be more tightly coordinated with the alginate chains (samples A-PM- 
UV24h and A-PM-AVI0.8-UV24h). 

On the other hand, the hollow spheres observed in the capsules cross- 
section of sample A-PM-AVI0.8-UV0h, where the dye is expected to be 
encapsulated inside the empty core, confirmed the hypothesis that 
PEGDMA crosslinks after its irradiation without allowing AVI or the 
calcium ions to diffuse across the capsule shell. 

The distribution of the Ca2+ ions in the capsules irradiated at 
different times with encapsulated AVI dye (sample A-PM-AVI0.8-UV0h 

and A-PM-AVI0.8-UV24h) was checked by FESEM. As observed in 
Fig. 4c, the intensity of the yellow circles both in the center and on the 
edge of the capsules clearly showed that the location of calcium ions 
differs between the two investigated samples. On one side, calcium was 
distributed mainly inside the capsules on the boundaries of the holes in 
sample A-PM-AVI0.8-UV0h (Fig. 4c). On the other hand, a higher con
centration of Ca2+ was found on the boundary of the capsules irradiated 
after 24 h under stirring (sample A-PM-AVI0.8-UV24h in Fig. 4c), which 
confirms the more uniform structure of the capsules irradiated after 
being stirred for 24 h in the crosslinking solution. 

3.2.3. Mechanical properties 
The mechanical properties of the capsules that contains the encap

sulated AVI were evaluated by performing dynamic mechanical analysis 
(samples A-AVI0.8; A-PM-AVI0.8-UV0h and A-PM-AVI0.8-UV24h). So, 
the maximum stress, the maximum strain, the normalized average 
maximum force and the stiffness of each sample are summarized in 
Table 3. When the values of the three tested samples are compared, it is 
easily found that the capsules from sample A-AVI0.8, which contains 
only the alginate and the dye, are more resistant and stiffer than the 
capsules from samples A-PM-AVI0.8-UV0h and A-PM-AVI0.8-UV24h. 
These results are in accordance with literature, and evidence the more 
rigid character of alginate, whilst the presence of PEG based monomers 
provides greater flexibility to the shell of the capsules [46,47]. However, 
despite a different structure and morphology between the capsules of 
sample A-PM-AVI0.8-UV0h and A-PM-AVI0.8-UV24h was observed, it 
seems that the difference in the time of irradiation (instantaneous or 
after 24 h stirring, respectively) did not substantially affect the average 
value of the mechanical properties of the resulting capsules. Despite this, 
the higher standard deviations obtained for the capsules of sample A- 
PM-AVI0.8-UV0h confirmed that they are composed by a more hetero
geneous structure than capsules of sample A-PM-AVI0.8-UV24h, as 
previously observed in the ESEM images. In accordance with our results, 
the alginate hydrogels reported by Kuo et al. showed a uniform distri
bution of calcium ions, resulting in homogenous hydrogels that exhibi
ted a small standard deviation of their mechanical properties [48]. 

Furthermore, the examination of the physical structure of the broken 
capsules by optical microscopy demonstrated that they could experi
ment two distinct rupture mechanisms (Fig. 5):  

– A fracture or a crack, which is experienced by the capsules from 
samples A-AVI0.8 and A-PM-AVI0.8-UV24h. 

– An exfoliation or a peeling behavior, which is suffered by the cap
sules from sample A-PM-AVI0.8-UV0h. 

The fact that the capsules can break down following one of the two 
mechanisms is closely related to their morphology and homogeneity of 
their structure, as observed in the standard deviation of the mechanical 
properties listed in Table 3. Thus, the multi-layer cross-section of het
erogeneous capsules is expected to be broken down by an exfoliation in 
form of peeling the outer layer as observed in the capsules of sample A- 
PM-AVI0.8-UV0h. Instead, the other two types of capsules undergo 
crushing due to their more homogeneous cross-section. 

3.2.4. Thermal properties 
The TGA and DTGA curves of the samples without and with the 

encapsulated dye are shown in Figs. S4 and S5, respectively. As observed 
in the DGTA curves, the thermal degradation of these capsules showed 
mainly a three-step weight loss. The first mass loss was observed be
tween 43 and 179 ◦C and is associated to the loss of water, which in
dicates that alginate capsules have a great tendency to absorb water 
(13–17 %) [49]. After that, the second and the third steps comprise the 
range between 179 and 258 ◦C and from 258 to 334 ◦C, respectively. 
Within these intervals, the decomposition of the alginate matrix 
occurred by different chemical processes: glycoside bond breaking, 
dehydration, decarboxylation and decarbonylation [50–52]. On the 
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Fig. 4. a) Optical microscope images of capsules of the following samples: i) A, ii) A-AVI0.8, iii) A-PM-AVI0.8-UV0h and iv) A-PM-AVI0.8-UV24h; b) ESEM images of 
synthesized capsules showing the whole capsule (magnification x160), its surface (magnification x500) and its cross-section (magnification x209, x210, and x249 for 
A-AVI0.8, A-PM-AVI0.8-UV0h, and A-PM-AVI0.8-UV24h, respectively): i) A-AVI0.8, ii) A-PM-AVI0.8-UV0h and iii) A-PM-AVI0.8-UV24h; c) FESEM images and map 
(magnification x400) showing the distribution of Ca2+ ions in the capsules of: i) A-PM-AVI0.8-UV0h and ii) A-PM-AVI0.8-UV24h (regions highlighted in yellow 
indicate high concentration of calcium cations). 
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other hand, the presence of polyethylene glycol network is evident in 
samples A-PM-UV0h, A-PM-UV24h, A-PM-AVI0.8-UV0h and A-PM- 
AVI0.8-UV24h because an additional degradation step was detected in 
their DTGA curves between 334 and 371 ◦C [53]. Besides, the encap
sulation of AVI did not substantially modify the TGA curves of the 
analyzed capsules as can be verified by comparing Figs. S4b and S5b. As 
a matter of fact, the analysis of the thermal stability of the dye alone 
showed only a one-step weight loss with a maximum centered at 141 ◦C 
and no char yield was detected at temperatures above 370 ◦C. 

On the other hand, Table 4 collects the onset of 5 % mass loss and the 
char yield of the investigated samples, which allowed the assessment of 
the thermal stability and degradation profile of each type of capsules. 
Onset of thermal weight loss (temperature corresponding to 5 % mass 
loss) was between 91 and 95 ◦C for the capsules which shell is formed 
only by alginate. It is observed that the addition of polyethylene glycol 
network increases around 10 ◦C their onset of thermal weight loss of the 
resulting capsules without encapsulated AVI dye (samples A-PM-UV0h 
and A-PM-UV24h). Nonetheless, the samples that have incorporated the 
dye exhibited a slightly lower thermal stability compared with the 
empty ones, probably due to the interactions between the blue dye with 
alginate during the formation of the capsules, which would reduce its 
crosslinking capacity with calcium. 

3.2.5. Biodegradability studies 
Before approaching the study of the release of the AVI dye, we 

tackled the biodegradability of these capsules. Since it is expected to use 
them in laundry applications, the solvent used was water. So, the dis
solved fraction in water of the capsules of samples A, A-PM-UV0h, and 
A-PM-UV24h is shown in Table 5. 

The solubility of the alginate-based capsules (sample A) in water is 
determined by the solubility of the crosslinked alginate, for which a low 
water solubility is expected [54]. 

When the values of the systems under investigation are compared, it 

can be figured out that the addition of the polyethylene glycol network 
did not result in a decrease in the solubility of the capsules as would be 
expected [55] since samples A and A-PM-UV24h show a very similar 
water solubility. Nonetheless, the time at which the crosslinking solu
tion that contains PEGDMA was irradiated induces meaningful differ
ences in the water solubility of the obtained capsules. In fact, the 
capsules that were irradiated at time zero (sample A-PM-UV0h) had a 
higher solubility in water because the rapid polymerization of PEGDMA 
could initially limit the ability of crosslinking of alginate with calcium 
cations in the resulting composite structure [56]. Consequently, a less 
homogeneous network was formed that showed a higher solubility in 
water due to a greater interaction between crosslinked alginate and 
water. On the other hand, when the crosslinking of PEGDMA was not 
favored until 24 h after carrying out the extrusion of the polymeric so
lution (sample A-PM-UV24h), crosslinked alginate and polyethylene 
glycol networks were more homogeneously distributed in the shell of the 
capsules, which results in the obtention of the lowest soluble capsules in 
water [57]. 

Furthermore, the comparison of the soluble amount of the three 
types of capsules showed that the more homogeneous the structure of 
the system, the lower the soluble fraction of the capsules in water. This 
trend, that was evidenced by ESEM images, also determined the me
chanical properties and the rupture mechanism of the capsules. 

Table 3 
Average maximum force and stiffness of the capsules.  

Sample Maximum 
Stress (MPa) 

Maximum 
strain (%) 

Normalized average 
maximum forcea 

(N/mm) 

Stiffness 
(N/mm) 

A-AVI0.8 21 ± 6 − 35 ± 7 19.55 ± 4.30 (54 ± 18) 
× 10− 3 

A-PM- 
AVI0.8- 
UV0h 

16 ± 5 − 32 ± 9 15.44 ± 8.32 (39 ± 26) 
× 10− 3 

A-PM- 
AVI0.8- 
UV24h 

15 ± 3 − 39 ± 4 15.9 ± 4.5 (34 ± 6) 
× 10− 3  

a normalized to the initial sample length. 

Fig. 5. Optical images of the capsules after rupture: a) A-AVI0.8; b) A-PM-AVI0.8-UV0h; c) A-PM-AVI0.8-UV24h.  

Table 4 
Thermogravimetric data of the analyzed samples.  

Sample T5% (◦C)a Char yield (%)b 

A  95  44.9 
A-AVI0.8  91  44.3 
A-PM-UV0h  105  42.3 
A-PM-UV24h  105  42.6 
A-PM-AVI0.8-UV0h  82  41.7 
A-PM-AVI0.8-UV24h  92  43.6  

a Temperature of 5 % weight loss. 
b Char residue at 600 ◦C. 

Table 5 
Quantity of capsules dissolved in water (%) after 1 day and TOC results of 
capsules from: A, A-PM-UV0h, A-PM-UV24h.  

Sample Dissolved quantity of capsules in water after 1 day 
(wt%) 

TOC (mg/L) 

A 45.6 ± 0.8 30.5 ± 8.5 
A-PM-UV0h 56.0 ± 2.2 282.4 ±

14.7 
A-PM- 

UV24h 
42.3 ± 1.0 271.3 ± 8.9  
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Regarding the total organic content (TOC) of the soluble fractions in 
water, we observed that the soluble fractions of the alginate capsules 
clearly present a lower TOC value compared with the soluble fractions of 
the capsules which shell is constituted by both alginate and polyethylene 
glycol networks even though the mass of the soluble fractions that were 
recovered from each of the 3 samples was very similar. Moreover, the 
TOC of the soluble fractions of samples A-PM-UV0h and A-PM-UV24h 
were almost identical, although the TOC value is slightly higher for the 
sample that is more soluble in water. 

On the other hand, the stability of the capsules was also evaluated at 
an acid and basic pH. First of all, the stability of the capsules of samples 
A; A-PM-UV0h and A-PM-UV24h was evaluated in the Alkaline buffer 
solution (pH = 10.3) to determine if there is any difference between the 
amount of soluble capsules in the solution of each type of capsules. This 
preliminary test evidenced that the 3 tested samples showed that a 
similar amount of the capsules was dissolved in the alkaline solution 
after 7 days as observed in Table S2. Then, capsules of the sample A-PM- 
UV0h and A-PM-AVI0.8-UV0h were chosen to study the stability in an 
acid medium (pH = 1.0) and in a basic medium (pH = 13.0). 

Fig. S6 shows the different photos that have been taken at different 
time intervals of the solutions under investigation. When we compared 
them, it was clearly observed that the different pH affects the stability of 
the capsules added into the solutions. In fact, the turbidity of the solu
tions in basic media increased as the days go by, whether they have the 
encapsulated dye (A-PM-AVI0.8-UV0h) or are empty (A-PM-UV0h). 
Actually, the intensity of the solution colour also increased for the 
capsules that contains the dye, evidencing that the blue dye is released 
during the experiment. On the contrary, the acid solutions remained 
transparent throughout the experiment and no dye release was detected. 

Another remarkable aspect that confirms the stability of the capsules 
in acid pH is that the capsules’ structure is kept after 7 days, while there 
was no evidence of capsule structures at the end of the experiment 
performed in 0.1 M NaOH solution. These results are in accordance with 
literature since it is described that alginate capsules swell and release the 
encapsulated materials in an alkaline media while they shrink and are 
resistant in an acidic media [58,59]. 

4. Conclusions 

The development of biobased capsules formed by alginate shell or by 
a mixture of alginate and polyethylene glycol network was successfully 
accomplished. Moreover, a blue dye was efficiently encapsulated in the 
three different types of prepared capsules. 

It was observed that favoring the polymerization of the diacrylate 
monomer at different times also induces important changes in the 
chemical, morphological, mechanical, and thermal properties of the 
resulting capsules. In fact, the most homogeneous network was obtained 
when the capsules with the encapsulated blue dye were left 24 h inside 
the calcium chloride crosslinking solution before irradiation with UV 
light. More precisely, these capsules showed the highest thermal sta
bility and the smallest soluble fraction in water after 24 h because the 
PEGDMA can diffuse more effectively and polymerize together with the 
crosslinked alginate structure after that time, resulting in a more ho
mogeneous and better organized system. On the contrary, the capsules 
that were irradiated just after the extrusion exhibited an empty core and 
a heterogeneous structure. 

As regards the mechanical properties, it is noteworthy that the cap
sules that do not contain the diacrylate monomer in the formulation 
exhibited higher stiffness compared to the capsules formed with both 
monomers. Moreover, we have proved that the composition of the 
capsules shell is associated to a different rupture process. 

Overall, the obtained results suggest that these biobased capsules 
may be potential candidates for application in the encapsulation of 
organic bleaching agents in the laundry detergents sector, although a 
profound investigation is still required to determine how the blue dye 
will be released from the capsules. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2023.123530. 
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